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摘  要 
目的：器官移植术后的免疫排斥反应严重制约着移植患者生活质量。目前
临床上进行器官移植的患者大多需要服用免疫抑制剂维持治疗，长期维持用药不
仅有较强的毒副作用，而且给患者生活带来了极大的不便。因此，新型免疫抑制
剂研发和应用是解决器官移植术后免疫排斥反应的迫切需求。本实验中，我们首
次将雷帕霉素衍生物佐他莫司应用于器官移植，研究佐他莫司的免疫抑制作用及
其可能的作用机制。 
方法：建立 BALB/c 到 C57BL/6 小鼠同种异体心脏移植模型，观察对照组
和佐他莫司给药组小鼠心脏移植物生存期，通过心脏跳动时间探索佐他莫司是否
可以延长移植物的生存期；通过体外淋巴细胞转化实验和体内混合淋巴细胞培养
实验探讨佐他莫司是否可以抑制淋巴细胞的增殖；通过凋亡实验和克隆无能实验
在体外研究佐他莫司抑制淋巴细胞增殖的机制；通过流式细胞术检测 CD4+T 细
胞、CD8+T 细胞、Treg 细胞等细胞的比例研究佐他莫司对 T 细胞亚群的影响；
通过 ELISA 和 PCR 等实验检测 IL-2、IL-4、TGF-β、IFN-γ等细胞因子的表达和
转录水平，进一步研究证佐他莫司延长移植物生存期的机制。 
结果：与对照组相比，佐他莫司给药组小鼠移植心脏的生存期显著延长；
佐他莫司在不需要长期维持用药的情况下诱导小鼠免疫耐受；佐他莫司给药组的
CD4+T 细胞比例显著降低；佐他莫司给药组 T 淋巴细胞增殖受到显著抑制。佐
他莫司给药组的调节性 T 细胞比例显著升高；佐他莫司给药组检测发现 Foxp3、
TGF-β和 IL-10 均呈现上升趋势；佐他莫司给药组供体特异性抗体显著降低。 
结论：佐他莫司可延长小鼠同种异体心脏移植生存期，减轻移植物大体标
本的免疫排斥反应，表现出较好的免疫抑制作用。有效剂量的佐他莫司应用于动
物实验中不影响实验动物的健康状态，并且在不需要长期维持用药的情况下，佐
他莫司可以诱导小鼠同种异体心脏移植免疫耐受。免疫抑制机制研究发现佐他莫
司可通过阻止 Th0 向 Th1 的分化、抑制 IgG2 抗体的产生等方式抑制小鼠的细胞
免疫和体液免疫。同时佐他莫司可通过诱导调节性 T 细胞的产生诱导小鼠同种
异体心脏移植的耐受。本实验首次研究了佐他莫司对同种异体器官移植免疫排斥
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的抑制作用，证明了佐他莫司具有作为新型免疫抑制剂的潜力，研究结果对临床
器官移植新型免疫抑制剂的研发提供了坚实的理论依据，具有重要的临床意义。 
 
关键词：佐他莫司、心脏移植、诱导耐受、T 淋巴细胞 
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Abstract 
Objective: clinical organ transplantation postoperative immunological rejection 
is seriously restricting transplantation recipients’ life quality. Clinically, most patients 
treated with organ transplantation need maintenance therapy. Long-term maintenance 
of taking medicine will have a strong toxic and side effect, and long-term medication 
has brought huge inconvenience to patients’ life. Thus, organ transplantation is in 
urgent demand of neo-type immunosuppressant R & D and application. In this 
experiment, we have firstly applied Sirolimus derivative, Zotarolimus, in researches 
of organ transplantation and discussed the immunosuppressive action and its 
immunosuppressive action mechanism of Zotarolimus  
Method: Establish BALB/c to C57BL/6 mice cardiac allo-transplantation 
model, observe the lifetime of mice with heart transplantation in control group and 
Zotarolimus drug group, and explore whether Zotarolimus can extend transplantation 
recipients’ lifetime based on the heartbeat time. Firstly, discuss whether Zotarolimus 
can inhibit lymphocyte proliferation through lymphocyte in vitro transformation test, 
and through in vivo test further verify suppression of lymphocyte proliferation 
methods of Zotarolimus; detect the content of IL-2, IL-4, TGF-β, IFN-γ and other cell 
factors through ELISA, PCR and other tests to research the influence of Zotarolimus 
on recipients’ overall immune state.  
Result: Compared with control group, the life time of mice with heart 
transplantation in Zotarolimus drug group is obviously longer; Zotarolimus has 
tolerance induction under the circumstance of long-term meditation; CD4+T cell ratio 
in Zotarolimus drug group has reduced obviously; T lymphocyte proliferation in 
Zotarolimus drug group has inhibited significantly. Regulatory T cell ratio in 
Zotarolimus drug group has increased obviously; detection shows that Foxp3, TGF-β 
and IL-10 tend to rise in Zotarolimus drug group; donor specific antibody in 
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Zotarolimus drug group has reduced significantly.  
Conclusion: Zotarolimus has shown excellent immunosuppressive action, can 
extend the lifetime of mice with ardiac allograft transplantation and reduce the 
immunological rejection of the general sample of transplantation recipient. 
Application of effective dose of Zotarolimus in animal experiments will not influence 
the experimental animals’ health status. In addition, when long-term maintenance 
meditation not required, Zotarolimus can induce the tolerance condition of mice with 
ardiac allograft transplantation. Studies on mechanism of immunosuppression show 
that immunological rejections that Zotarolimus have inhibited simultaneously include 
cellular immunity and humoral immunity. Cellular immunity is achieved by stopping 
the differentiation from Th0 to Th1; humoral immunity can be weakened by inhibiting 
the production of IgG2 antibody. Zotarolimus can induce the tolerance of mice with 
ardiac allograft transplantation by inducing the generation of regulatory T cells. 
Tolerance correlation factors Foxp3, TGF-β and IL-1 of mice tend to rise in 
Zotarolimus drug group. This experiment has firstly studied Zotarolimus inhibiting 
effect on of allograft organ transplantation immunological rejection, and proved the 
potential of Zotarolimus as a neo-type immunosuppressant. With great clinical 
significance, research results have provided solid theoretical basis for the R & D of 
clinical organ transplantation neo-type immunosuppressant. 
 
Keywords: Zotarolimus; heart transplantation; tolerance induction; T lymphocyte  
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第一章 前言 
1.1 器官移植现状及概述 
长期以来，人类有一个美好的愿望，以一个健康的器官去替代患病的器官。
20 世纪 50 年代，美国波士顿医生约瑟夫•梅里实施了世界上第一例肾脏移植手
术，这是人类器官移植发展史上里程碑式的成功，也开辟了终末期疾病及器官功
能衰竭治疗的新途径。随后器官移植经过近 70 年的发展，从肾脏移植到心脏、
肝脏、肺脏、胰腺等器官移植，器官移植技术在不断的突破，给人类的医疗卫生
事业带来了曙光和新的希望。越来越多的患者通过器官移植获得了新的生命。 
我国的器官移植研究始于 20 世纪 50 年代，主要进行了动物体内肝脏和肾脏
移植。20 世纪 60 年代，我国开始尝试器官移植的临床阶段。在吴阶平、裘法祖、
夏穗生等前辈的领导和努力之下，我国的器官移植得到全面发展，器官移植技术
逐渐成熟，免疫抑制方案不断完善。中国的器官移植事业进入了健康有序发展的
新阶段。 
目前器官移植已经成为治疗终末期疾病及器官功能衰竭的最佳方案。随着医
学的发展，器官移植在技术领域取得了突破性进展，犹如雨后春笋般，器官移植
挽救了成千上百万人的生命。但是，供体短缺和移植术后免疫排斥反应严重制约
着器官移植的进展。近年来，在卫生部门的领导下，器官捐献在全国范围内得到
推广和提倡，国民捐献意识不断增强，器官捐献的数量在不断增高，器官移植例
数也呈飞跃式增长。在这种情况下，免疫排斥反应对器官移植事业发展的制约更
加凸显。 
1.2 免疫排斥与免疫耐受 
在器官移植中，比较重要的两部分就是免疫排斥和免疫耐受。 
1.2.1 免疫排斥 
临床上最常见的移植就是同种异体移植，一般情况下，同种异体移植都会
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